Concentrations of the bioactive lipids, phosphatidate and diacylglycerol, increased with time in culture in ras-and tyrosine kinase (fps)-transformed ®broblasts but not in control ®broblasts. On Day 3, diacylglycerol and phosphatidate concentrations were about 3.3-and 5.5-fold higher respectively in the ras-transformed compared to control ®broblasts. These concentrations in fpstransformed ®broblasts were increased about twofold. The changes in phosphatidate and diacylglycerol resulted from enhanced phospholipid turnover rather than from synthesis de novo. The increased ratio of phosphatidate to diacylglycerol is explained by decreased activities of two distinct phosphatidate phosphohydrolases and increased diacylglycerol kinase in ras-transformed ®bro-blasts. Ceramide concentrations were about 2.5-and threefold higher in the fps-and ras-transformed cells respectively on Day 3 compared to the controls. Incubating control ®broblasts from Days 1 to 3 with phosphatidylcholine-speci®c phospholipase C increased diacylglycerol, phosphatidate and ceramide concentrations, and decreased Mg 2+ -independent-phosphatidate phosphohydrolase activity. 8-(4-chlorophenylthio)-cAMP had a cytostatic eect in ras-transformed cells, it decreased the concentrations of phosphatidate and diacylglycerol, but increased that of ceramide. The consequences of increased ceramide and phosphatidate concentrations in ras-transformed cells are discussed in relation to signal transduction, cell division and the transformed phenotype.
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Keywords: ceramides; diacylglycerol kinase; phosphatidate phosphohydrolase; phospholipase D The GTPase encoded by ras is a key component of signal transduction involving growth factors. Somatic mutations that constitutively activate p21 ras occur frequently in diverse human tumors (Bos, 1989; Wakelam et al., 1991; Satoh et al., 1992) . Studies on the metabolism of bioactive lipids in ras-transformed cells have intensi®ed since the discovery of the elevated concentrations of diacylglycerol (DAG) in this model (Preiss et al., 1986) . This lipid is important in activating of protein kinase C, which can stimulate cell division in certain circumstances. However, the full signi®cance of altered lipid pro®les in transformed cells
is not yet understood.
Increased signaling by DAG in ras-transformed cells could arise from increased DAG synthesis de novo (Chiarugi et al., 1989) , or increased phospholipid turnover. The latter possibility is supported by the observation that injection of NIH3T3 ®broblasts with antibodies that neutralize PLC-g blocks DNA synthesis induced by co-injected p21
ras (Smith et al., 1990) . Alternatively, it has been proposed that phosphatidylcholine-(PC) speci®c phospholipase C (PLC) is activated by p21 ras Diaz-Meco et al., 1991; Dominguez et al., 1991) and increased phosphorylcholine concentrations in rastransformed cells are compatible with this hypothesis Price et al., 1989) . However, there is controversy as to the importance of PC-speci®c PLC in mammalian cells. Increased DAG concentration in ras-transformed cells could result from activation of PC-phospholipase D (PLD) and subsequent conversion of phosphatidate (PA) to DAG by phosphatidate phosphohydrolase (PAP). Micro-injection of Xenopus laevis oocytes with p21 ras caused rapid DAG production that was blocked by propranolol, an inhibitor of PAP (Carnero et al., 1994a) . Choline kinase activity is elevated in ras-transformed cells (Macara, 1989; Lacal, 1990; Teegarden et al., 1990) , and CTP-phosphocholine cytidylyltransferase is lower (Teegarden et al., 1990) . These observations could explain the increase in phosphorylcholine concentrations without the need for increased PC-PLC activity. Constitutive activation of basal PLD activity and the relative labeling of PA has been demonstrated in rastransformed ®broblasts (Martin et al., 1993; Carnero et al., 1994b) . This result is compatible with the activation of PLD by p21 ras (Carnero et al., 1994a) , which probably involves pp60 src (Jiang et al., 1995a) and Ral (Jiang et al., 1995b) . In contrast, the activation of PLD by serum, platelet-derived growth factor, and phorbol ester is attenuated in ras-transformed cells (Huang and Cabot, 1992; Fu et al., 1992; Martin et al., 1993) . This eect was attributed to the inability to activate PLD downstream of PLC-g (Alam et al., 1995) . Martin et al. (1993) showed that the speci®c activity of plasma membrane PAP-2 was decreased in ras-and fps-transformed ®broblasts which produced more PA than DAG when stimulated with serum or phorbol ester.
This latter result is signi®cant since PA is a putative second messenger and agonist . PA stimulates superoxide generation in neutrophils (Rossi et al., 1990; Bauldry et al., 1991) , and increases the activities of cytosolic protein kinase(s) (Bocckino et al., 1991) , protein kinase C-z (Limotola et al., 1994) , phosphatidylinositol-4-phosphate kinase (Moritz et al., 1992), and PLC-g (Jones and Carpenter, 1993) . Exogenous PA and lyso-PA inhibit adenylate cyclase (Murayama and Ui, 1987; van Corven et al., 1989; GoÂ mez-MunÄ oz et al., 1994) and increase arachidonate concentrations (Moolenaar, 1995) , tyrosine kinase activities (Moolenaar, 1995) and mitogen-activated protein (MAP) kinase activities in a variety of cells (Howe and Marshall, 1993; Moolenaar, 1995; GoÂ mezMunÄ oz et al., 1995) . Exogenous PA and lyso-PA also activate PLD Moolenaar, 1995) such that external PA is able to generate intracellular PA. Furthermore, activation of protein kinase C by DAG also stimulates PLD activity and PA production (Eldar et al., 1993; Martin et al., 1994) . In cell-free system PA inhibits the rasGTPase activating protein, and activates a protein that decreases the GTPase activity of p21 ras (Tsai et al., 1989a,b; 1990) . Thus, changes in lipid pro®les might modify p21 ras signaling in addition to being in¯uenced by p21 ras . These interactions might be important in cells transformed with tyrosine kinases which are thought to activate p21 ras chronically by regulating exchange factors in addition to having Ras-independent signaling mechanisms.
GTP-bound p21 ras binds directly to the serine/ threonine protein kinase, p74
raf (Leevers et al., 1994) and recruits it to plasma membranes where Raf is activated. This attachment of Raf is facilitated by its binding to PA and this process is stimulated by PLD activation (Ghosh et al., 1996) . Raf phosphorylates MEK which activates MAP kinase (Guan et al., 1994) . This enzyme can activate numerous cellular targets including phospholipase A 2 (Lin et al., 1993) as well as transcription factors (Guan et al., 1994) . p21 ras also binds other targets such as phosphatidylinositol-3 kinase (Rodriguez-Viciana et al., 1994) . Thus p21 ras signaling might alter phospholipid metabolism in several ways: by interacting directly with phosphatidylinositol-3 kinase, by activating other phospholipid metabolizing enzymes via the kinase cascade, or by altering the transcription of genes which encode phospholipid metabolizing enzymes.
In light of the importance of DAG and PA in signal transduction, this paper is concerned with changes in their relative masses in control, ras-and fpstransformed ®broblasts. We predicted that the transformed cells would contain high concentrations of PA because of the low Mg 2+ -independent PAP-2 activity. Furthermore, we hypothesized that the decreased agonist-induced stimulation of PLD might result from increased ceramide concentrations which can prevent PLD activation Venable et al., 1994; Nakamura et al., 1995) . A major contribution of the present work is the demonstration that PA and DAG concentrations increase dramatically with time in culture in rastransformed ®broblasts. These increases in PA and DAG concentrations result primarily from increased phospholipid turnover rather than from synthesis de novo. The increased ratio of PA to DAG arises from increased DAG kinase activities and decreased activity of both the Mg 2+ -dependent and -independent PAP activities. CPT-cAMP, and an exogenous PC-PLC, which inhibit and stimulate cell division respectively, were also studied to see if these agents modify the concentrations of PA, DAG, and ceramide.
Results
Eects of time in culture on lipid concentrations in control, ras-and fps-transformed ®broblasts
The growth pro®le, in terms of DNA concentrations, of control and transformed ®broblasts in culture is illustrated in Figure 1 and this resembles the protein pro®le that was published previously (Martin et al., 1993) . Control cells essentially reached con¯uence and became growth arrested by Day 2 in culture whereas the ras-and fps-transformed ®broblasts continued to divide. By Day 4 the protein and DNA contents of the dishes were three to four times higher for the transformed cell lines compared to the controls. In all of the present experiments these results were con®rmed by measuring either the protein or phospholipid content of the dishes and the results are expressed relative to these parameters, as appropriate.
Fibroblasts were preincubated for 2 h with ]PA in the rastransformed cells became apparent after 2 days in culture and on Day 3 was about tenfold higher than for control ®broblasts. The equivalent increase was only about twofold for the fps-transformed ®broblasts. The relative labeling of DAG was not signi®cantly dierent in control, ras-, and fps-transformed fibroblasts after 1 day in culture. On Day 3 there were about ®ve-and 2.5-fold increases in DAG labeling in ras-and fps-transformed cells respectively compared to control ®broblasts. Relative [ 3 H]myristate incorporation into TAG was higher in both transformed cell lines compared to controls on all 3 days. These increases for Day 3 were about six-and fourfold respectively for ras-and fps-transformed ®broblasts.
We also determined the mass of lipids present in the cells on the dierent days in culture. In the control cells, the mass of PA fell by about 28% between Days 1 to 3 (Table 1) . PA concentrations of in four ras-transformed lines was higher than in the control ®broblasts on Day 1. This concentration increased with time in culture such that on Day 3 the PA concentration was ®ve-to sixfold higher than in control ®broblasts. In two fps-transformed lines, PA concentrations were similar to those in the controls on Day 1. There was a slight increase in fps-transformed cells on Days 2 and 3 and the concentrations were 1.7-and 1.8-fold higher than in controls. DAG concentrations in control and transformed cells were similar on Day 1. In control cells DAG concentrations remained relatively constant, but they increased in transformed lines with time in culture. On Day 3 DAG was three-to 3.6-fold higher in ras-transformed, and 1.8-to 2.4-fold higher in fps-transformed cells as compared to controls. Ceramide concentrations on Day 1 in culture were consistently higher in ras-transformed ®broblasts compared to controls and fps-transformed ®broblasts were intermediate. Ceramide concentrations remained higher in transformed cells with increasing time in culture. PC, phosphatidylethanolamine (PE), phosphatidylinositol and phosphatidylserine constituted about 50%, 30%, 8 ± 9% and 8 ± 9%, respectively, of the total glycerophospholipids in control and transformed cells and these values did not change signi®cantly with time in culture (results not shown).
Incorporation of [
14 C]glucose into lipids and activities of PAP-1 and DAG kinase in control and transformed ®broblasts
The contribution of glycerolipid synthesis de novo to changes in PA and DAG concentrations was determined in ®broblasts cultured for 3 days. Initial experiments established that [ 14 C]glucose incorporation was proportional to time over the 4 min incubation. The major incorporation was into PA and DAG. There was no signi®cant dierence in d.p.m. incorporated into total lipids in control and transformed ®broblast in four independent experiments (Table 2) . However, the ratio of d.p.m. in DAG : PA was 1.03, 0.56 and 0.69 in control, ras-and fps-transformed ®broblasts respectively (Table 2 ). This was a consistent ®nding in all four experiments indicating a lower activity of PAP-1 (which is involved in glycerolipid synthesis) in the transformed cells. Furthermore, the estimated¯ux through PAP (the sum of d.p.m. in DAG, TAG, PC and PE) was consistently lower in transformed cells compared to controls. Total PAP-1 activity and membrane-associated activity (which is the physiologically active form) was higher on Day 3 in control relative to ras-transformed cells (Figure 3 ). This observation appeared to result from increased PAP-1 activity between Days 1 and 3 in control cells compared to no change in ras-transformed fibroblasts. The speci®c activity of dioctanoylglycerol kinase was similar in control, ras-and fps-transformed ®broblasts after Day 1 of culture (Figure 4 ). On Day 3 3 H]myristate that was incorporated into PA, DAG and triacylglycerol was calculated relative to the corresponding incorporation into PC. The results are means+s.e. from three independent experiments. The labeling of PC constituted 85% of that incorporated into total phospholipids in the control ®broblasts on Days 1 ± 3 the speci®c activity of DAG kinase in three independent experiments increased by an average of 2.7-fold in control cells. Equivalent increases for rasand fps-transformed ®broblasts were 4.2-and 4.7-fold respectively. Therefore on Day 3 ras-and fpstransformed ®broblasts had about 1.7-and 1.8-fold greater DAG kinase activity than control cells. Similar results were obtained with stearoylarachidonoylglycerol as substrate (results not shown).
Eects of PC-PLC on the concentration of PA, DAG and ceramide, and on PAP-2 activity in control ®broblasts Non-transformed rat 2 ®broblasts were treated with 10 units/ml PC-PLC from Days 1 ± 3 as a pharmacological tool to determine if an increased formation of DAG in control cells could mimic other aspects of the lipid pro®le of ras-transformed cells. Treatment of rat 2 ®broblasts with PC-PLC increased DAG, PA and ceramide concentrations by about 17.5-, 2-and 8.4-fold in two independent experiments ( Figure 5 ). It is unlikely that the increased ceramide resulted predominantly from contamination of PLC with sphingomyelinase, since according to the Manufacturer, sphingomyelinase activity was 50.05% of that of The control (R2) ®broblasts, four dierent ras clones and two fps clones were harvested at the time in culture that is indicated. The concentrations of the lipids are expressed relative to the total phospholipid of the cells. Means+s.e. for three independent experiments for PA and four for DAG and ceramide PLC. To check this we also incubated control ®broblasts with 5 m Units of sphingomyelinase/ml of medium from Days 1 to 3. Ceramide concentrations were increased by 2.6-fold and DAG concentrations were not signi®cantly changed. Therefore, contamination of PC-PLC with sphingomyelinase is unlikely to explain the 8.4-fold increase in ceramide ( Figure 5 ). Treatment with PC-PLC also decreased the speci®c activities of Mg 2+ -independent PAP-2A and PAP-2B by about 23% (Table 3) .
Eects of incubating ras-transformed ®broblasts with 8-(4-chlorophenylthio)cAMP (CPT-cAMP) on the concentrations of PA, DAG and ceramide Incubation of some ras-transformed cells with cAMP analogues for 2 days inhibits cell division and restores a more normal phenotype (Tagliaferri et al., 1988; Wakelam et al., 1991; Paterson et al., 1991) . We therefore used CPT-cAMP as a cytostatic agent to study the changes in lipid concentrations in rastransformed cells. The phospholipid content per dish of cells was on average 59% lower when transformed ®broblasts were treated with CPT-cAMP for 2 days (results not shown) which con®rms the decrease in cell division. PA and DAG concentrations were decreased by averages of 67% and 63% respectively in two experiments (Figure 6a) . Therefore, the ratio of PA and DAG concentrations was not aected by CPTcAMP, and neither were the speci®c activities of PAP-2A and PAP-2B (results not shown). Treatment with CPTcAMP increased ceramide concentrations by about 1.5-fold. We also measured the labeling of PA, DAG and TAG in ras-transformed cells treated for 2 days with CPTcAMP and then incubated with [ 3 H]myristate for 2 h. There was about a 75% decrease in the relative labeling of PA, DAG and TAG (Figure 6b ). However, no signi®cant decreases in PLD activity was obtained under basal incubation conditions which included 10% serum (results not shown).
Discussion
Previously we showed that PAP-2 activity, which converts PA to DAG in plasma membranes, is lower in ras-and fps-transformed ®broblasts than in control cells over 4 days of culture (Martin et al., 1993) . The possible functional signi®cance of this lower PAP activity was con®rmed by the higher ratio of PA to DAG that was generated by the transformed cells after stimulation with serum, or phorbol ester. The present work is concerned with dierences in the steady-state masses of bioactive lipids, rather than acute responses to agonist stimulation. The present work shows substantial increases in PA concentrations in rastransformed ®broblasts with time in culture. Changes in key enzymes that could regulate the relative concentrations of DAG and PA were determined to provide an explanation for the dierences.
The ®ve-to sixfold increases in PA concentrations were detected in four independent ras-clones and these increases were about twice those for DAG and ceramide. The dierences in lipid concentration in the ras-and two fps-clones were therefore not biased by clonal variation. There were no signi®cant dierences Means+s.e. from three independent experiments. The signi®cance of the dierence compared to the appropriate control was calculated by using a paired t-test in DAG concentrations among control and transformed cells on Day 1 in culture, although increases in PA in ras-transformed ®broblasts were evident. Therefore increases in DAG and PA concentrations did not result from the ras-transformation per se but were dependent on the time of culture. We do not know whether these growth-dependent increases in PA and DAG concentrations depend upon the production of growth factors by the transformed cells. By contrast to ras-transformed cells, PA concentrations in control ®broblasts declined from Day 1 (Table 1) , when the cells were dividing, to Day 3, when they were essentially growth arrested. This decrease in PA concentration is compatible with increased PAP-2 activities between Days 1 and 3 in culture (Martin et al., 1993) . There was no increase in PAP-2 activity with culture time in ras-transformed ®broblasts, the cells continued dividing and PA concentrations increased (Table 1 ). The conversion of DAG to PA by DAG kinases is increased in ras-transformed ®broblasts relative to control cells on Day of culture (Figure 3) . Therefore changes in the balance of Mg 2+ -independent PAP-2 and DAG kinases activities could contribute to increased PA concentrations in ras-transformed fibroblasts. Tyrosine kinase oncogenes activate products of endogenous cellular ras proto-oncogenes (Smith et al., 1986) , and it is not surprising that fps-transformed ®broblasts resemble ras-transformed cells. The intermediate concentrations of lipids in the fps-transformation ( Table 1 ) may mean that fps does not activate normal p21
ras to levels obtained with v-ras in this model. Tyrosine kinases may also alter lipid pro®les through Ras-independent mechanisms. Figure 2 demonstrates gross time-dependent differences in PA and DAG metabolism among control and transformed ®broblasts. These results con®rmed the mass determinations in Table 1 , although this measurement depends upon the labeling of the lipids for 2 h with [ 3 H]myristate followed by a 2 h chase. Myristate is incorporated preferentially into PC (Huang and Cabot, 1990; Martin et al., 1993 Martin et al., , 1994 and this allowed us to detect dramatic dierences in turnover and the production of PA and DAG. However, we were not able to detect signi®cant increases in basal PLD activity with time in culture in ras-transformed ®broblasts (results not shown).
To investigate the role of glycerolipid synthesis in modifying DAG and PA concentrations we incubated ®broblasts, that had been cultured for 3 days, with [ 14 C]glucose for 4 min. There was little incorporation of 14 C into PC and PE and therefore the labeled PA and DAG were derived almost exclusively from synthesis de novo and not from phospholipid turnover. There was no signi®cant increase in accumulation of label in PA plus DAG in ras-transformed ®broblasts compared to control cells. Therefore, the increased PA and DAG mass in ras-transformed cells results from phospholipid turnover (see Introduction). An increased turnover of newly synthesized PC may explain why the labeling of DAG with [ 14 C]glucose is increased after incubating ras-transformed ®broblasts for 30 min (Chiarugi et al., 1989) . In our experiments, the ratio of 14 C in PA relative to DAG was increased in transformed ®broblasts. This eect was compatible with the low membrane-bound PAP-1 activity, which participates in glycerolipid synthesis (Brindley, 1987) , in ras-transformed cells relative to control ®broblasts (Figure 2) .
Increased DAG production has been implicated in the ras-transformation (see Introduction). We therefore added puri®ed B cereus PC-PLC to control cells from Days 1 to 3 in culture to see if this could mimic the dierences observed in the ras-transformed lines. Large increases in DAG content occurred, PA mass was doubled, ceramide concentrations increased by about 8.4-fold (Table 3) . Ras-transformation also results in lower speci®c activities of Mg 2+ -independent PAP-2 (Martin et al., 1993) , and increased concentrations of PA, DAG and ceramide (Table 1) . Both rastransformed and PC-PLC-treated ®broblasts have decreased PAP-2 activity but how this might be related to increased DAG formation is not yet known. Our observations with PC-PLC are consistent with proposals that increased DAG production mimics to some extent signaling through the p21 ras pathway. Most of the 8.4-fold increase in ceramide concentration is probably accounted for by DAG activation of an acidic sphingomyelinase (SchuÈ tze et al., 1992; Weigmann et al., 1994) . In principle, increased DAG mass in transformed cells could also activate sphingomyelinase and ceramide production (Table 1 ) which could contribute to the observed elevation in phosphorylcholine (Price et al., 1989) . DAG is not the only regulator of sphingomyelinase, however, since ceramide concentrations are high in transformed cells after one day in culture when DAG concentrations are similar to those in control ®broblasts. Also, ras-transformed cells treated with CPT-cAMP had decreased PA and DAG concentrations and increased ceramide concentrations (Figure 5a ). Ceramide concentrations can thus be dissociated from basal PA and DAG concentrations in the transformed cells. The decreased stimulation of PLD in ras-and fps-transformed ®broblasts in response to serum, platelet-derived growth factor and phorbol ester (Huang and Cabot, 1992; Fu et al., 1992; Martin et al., 1993; Alam et al., 1995) may result partly from their increased concentrations of ceramides (Table 1 ) which can prevent PLD activation (GoÂ mezMunÄ oz et al., 1994 Venable et al., 1994; Nakamura et al., 1995) . Furthermore, ceramides can decrease cell division (Bielawska et al., 1992) and they could limit the increased cell division in ras-transformed ®broblasts. Speci®cally, ceramides can block the stimulation of DNA synthesis by PA and lyso-PA in rat ®broblasts (GoÂ mez-MunÄ oz et al., 1994).
There appears to be a complex inter-relation between cAMP and PA metabolism. Ras-transformed ®broblasts have decreased basal cAMP concentrations (Davies et al., 1989) , and generate less cAMP in response to b-adrenergic stimulation or forskolin compared to parental cells (Tagliaferri et al., 1988; Wakelam et al., 1991) . Stimulation of cAMP production by PGE 1 is not changed 40 min after scrapeloading with active Val12 p21 ras (Price et al., 1989) indicating that any eect of p21 ras on adenylyl cyclase is probably a secondary long-term response. Incubation with cAMP analogues inhibits cell division (Tagliaferri et al., 1988) with ras-transformed cells being more sensitive than the controls (Davies et al., 1989) . cAMP can inhibit cell division by abrograting the activation of MAP kinase by Raf (Cook and McCormick, 1993; Hordijk et al., 1994) . Our results show that the pathway by which excess DAG and PA are produced is regulated partly by cAMP ( Figure 5 ) and may result from the eect of cAMP in taking the ®broblasts out of the cell cycle. Long-term treatment of the rastransformed cells with CPTcAMP did not decrease basal PLD activity. However, increasing cAMP concentrations in ras-transformed ®broblast decreases the elevated activity of phosphatidylinositol-speci®c PLC (Murphy et al., 1994) and this could limit DAG production. The decrease in PA concentrations caused by cAMP could inhibit cell division partly by decreasing Raf activation (Ghosh et al., 1996) . Conversely, diminished basal and stimulated cAMP concentrations in ras-transformed cells (Tagliaferri et al., 1988; Davies et al., 1989; Wakelam et al., 1991) may result partly from the large increase in PA concentrations ( Figure 2 and Table 1 ) which could inhibit adenylyl cyclase (Murayama and Ui, 1987; van Corven et al., 1989; GoÂ mez-MunÄ oz et al., 1994) . Increased PA concentrations in ras-transformed fibroblasts could also alter morphology since PA, or its derivative lysoPA, can activate actin polymerization involving Rho (Ha and Exton, 1993; Moolenaar, 1995; Cross et al., 1996) . The decreased PAP-2 activity of the ras-transformed ®broblasts (Martin et al., 1993) could also increase the duration and magnitude of signaling by the mitogenic lipids, lysoPA, ceramide 1-phosphate and sphingosine 1-phosphate in addition to PA since PAP-2 degrades all of these lipids Brindley and Waggoner, 1996) . At present, the complex inter-relation that can exist between signaling via cAMP and PA in terms of regulating cell division and morphology is not fully understood.
We demonstrated for the ®rst time that PA accumulation in ras-transformed ®broblast increased markedly with time in culture. In relative terms, the increase in PA concentrations exceeded those for DAG. The increase in PA concentrations in rastransformed cells can be explained by the combination of the constitutively increased turnover of phospholipids, decreased activities of Mg 2+ -dependent PAP-1 and Mg 2+ -independent PAP-2 and increased DAG kinase activity. The extent and mechanisms by which PA can modify elements of the p21 ras signaling pathway and the transformed phenotype will require further study.
Materials and methods

Materials
The source of materials and ®broblast lines have been described (Martin et al., 1993; GoÂ mez-MunÄ oz et al., 1994) . Thin layer chromatography plates of silica gel G were from Merck, or Macherey-Nagal. CPT-cAMP and PC-PLC (Grade 1 from B cereus) were from Boehringer Mannheim, Laval, QueÂ bec. DAG kinase (E coli) was from Calbiochem, San Diego, CA; cardiolipin, DAG, ceramide, ATP, DETAPAC, and sphingomyelinase (B cereus) were from Sigma Chemical Company, St Louis, MO; octylglucoside was from ICN, St Laurent, QueÂ bec. 
Culture of ®broblasts
The characteristics of control and transformed ®broblasts and culture conditions were described previously (Martin et al., 1993) , except the medium was changed every 24 h when CPT-cAMP, or PC-PLC were employed. Cells were plated at 1.2610 6 cells per 10 cm tissue culture dish and incubated in DMEM containing 10% (v/v) fetal bovine serum at 378C in 5% CO 2 in air. DNA was measured as described previously (Morgan and Pulleyblank, 1974 ).
Incorporation of [ 3 H]myrsitate and [ 14 C]glucose into glycerolipids
Fibroblasts were washed twice in D-PBS and then maintained for 2 h in serum-free DMEM before labeling for 2 h with [ 3 H]myristate. Myristate was removed by washing with albumin solution, the cells were harvested 2 h later and lipids were analysed by thin-layer chromatography (Martin et al., 1993; GoÂ mez-MunÄ oz et al., 1994) . For the determination of glycerolipid synthesis de novo control and transformed ®broblasts that were cultured for 3 days in 60 mm dishes were washed twice with phosphatebuered saline. Cells were then incubated for 1 h in glucose-free DMEM containing 10% fetal calf serum that had been dialysed against 0.9 g NaCl/100 ml. The medium was replaced with 1.5 ml of identical medium containing 5 mCi ml [U-
14 C]glucose (298 Ci/mol). After incubating for 4 min the medium was removed and cells were washed three times with ice-cold phosphate-buered saline. Cells were harvested and lipids were extracted and analysed by thin layer chromatography. Plates (10610 cm) were developed in the ®rst dimension with chloroform/ methanol/NH 4 OH (65 : 35 : 7.5, v/v/v) . After drying the plates were developed for 6 cm in the second dimension with chloroform/acetone/acetic acid/methanol/water (50 : 20 : 15: 10 : 5, by vol) and then for the full length in the same direction with hexane/diethyl ether/acetic acid (60 : 40 : 1, v/v/v). Lipids were detected with I 2 vapor, identi®ed by co-chromatography with authentic standards and the radioactivity was determined (Martin et al., 1993) . More than 90% of the 14 C was isolated in the glycerol backbone after alkaline hydrolysis. Protein (Martin et al., 1993) and DNA concentrations (Morgan and Pulleyblank, 1974) were also determined.
Measurement of PAP, PLD and DAG kinase activities
Activities of Mg 2+ -dependent PAP-1 was determined as the dierence in activity in the presence and absence of Nethylmaleimide Jamal et al., 1991) . Fibroblasts were lysed with digitonin (Martin et al., 1986) and the cytosol separated from cell ghosts to determine the functionally active PAP-1 which is membrane-bound (Martin et al., 1986; Brindley, 1987) . PAP-2 was assayed in two dierent ways: PAP-2A within its natural membrane using liposomes of PA and PAP-2B in the presence of sucient Triton X-100 to solubilize PAP-2 and to form mixed micelles with PA and PC. Homogenates were prepared from cells harvested in 400 mM vanadate and 1 mM Zn 2+ to maximize the activity of PAP-2A (Martin et al., 1993 (Lemaitre et al., 1990) . Thin layer plates were ®rst developed with chloroform/ methanol/NH 4 OH (65 : 35 : 7.5, v/v/v) for 3 cm above the origin. Air-dried plates were then developed for 19 cm with chloroform/acetone/acetic acid/methanol/water (50 : 20 : 15 : 10 : 5, by vol). Reaction rates were calculated by linear regression analysis of results for three protein concentrations and on triplicate samples. The speci®city of the stearoylarachidonoyl kinase assay was established by the failure of 1 mM dioctanoylglycerol to inhibit signi®cantly the production of stearoylarachidonoyl-PA.
Measurement of phospholipid mass
Cells were maintained in DMEM supplemented with 10% (v/v) fetal calf serum. Thin layer plates were washed twice with ice-cold D-PBS and extracted as before (Martin et al., 1993) . Samples of the chloroform phases were analysed for organic phosphate (Fiske and Subbarow, 1925) , and the remainder was dried under vacuum. For assays of cells after one day in culture, two 10 cm dishes were pooled to provide a sucient mass of lipid. On Days 2 and 3 only one dish of cells was required. PA mass was measured based on Bocckino et al. (1987) . Lipid extracts were applied at 10 cm from the bottom of a 20 cm plastic thin-layer plate of silica gel 60 (Merck) that had been developed in petroleum ether, b.p. 40 ± 608C/diethyl ether (1 : 1, v/v). Standards of PA (0.5, 1.0, 2.5, and 10 mg) were applied to every plate. The plates were developed with chloroform/methanol/NH 4 OH (65 : 35 : 7.5, v/v/v) , air dried and then cut 1.5 cm above the origin. This removed neutral lipids and most zwitterionic phospholipids while PA remained near the origin. The plates were then developed in the reverse direction with chloroform/methanol/acetic acid (8 : 2: 1, v/v/v) based upon a method of Kennerly (1987) . Dried plates were then stained with 0.03% Coomassie Blue R250 in 20% (v/v) methanol containing 100 mM NaCl (Nakamura and Handa, 1984) . After 1 h plates were destained for 10 ± 15 min using 20% methanol and then dried. The absorbancies of PA bands were measured with a re¯ectance densitometer at 580 nm and the mass of PA calculated from the standard curves. Duplicate samples from each cell line were analysed on separate plates, and average values calculated. PC, PE, phosphatidylinositol and phosphatidylserine were separated from the lipid extract by thin layer chromatography (Kennerly, 1987) and organic phosphate concentrations were measured (Fiske and Subbarow, 1925 ) with a minaturized assay.
Measurement of DAG and ceramide mass
Samples of cell extract (25 ± 50 nmol of phospholipid) together with standards of DAG and ceramide (50 ± 2000 pmol) were assayed (Preiss et al., 1986 (Preiss et al., , 1987 with the following modi®cations: Reaction mixtures containing 50 mM imidazole/HCl, pH 6.6, 1 mM DETAPAC, pH 6.6, 50 mM NaCl, 12.5 mM MgCl 2 , 1 mM EGTA, 10 mM dithiothreitol, 1 mM ATP, DAG kinase (approximately 15.5 munits/assay), 2.5% octyl-b-D-glucoside and 1 mM cardiolipin were incubated at 378C for 20 min before 1 mCi/assay of [g-32 P]ATP was added. Samples of this mixture (100 ml) were added to each tube which was vortexed and incubated at 378C for 5 min. The tubes were sonicated for 5 min and then incubated at 378C for 5 min. Samples were resonicated for 5 min and incubated at 378C for 20 min. Exogenous DAG standards were quantitatively converted to PA in the absence or presence of 50 nmol phospholipid from the sample. Therefore the quantity of sample did not aect DAG kinase activity (Preiss et al., 1987; Paterson et al., 1991) . Lipids were extracted (Paterson et al., 1991) with 470 ml of chloroform/methanol/10 mM HCl (15 : 30 : 2, v/v/v) containing 20 mg/ml of PA as carrier. Phases were separated with 150 ml chloroform and 1 ml water. After centrifuging the aqueous phase was aspirated and the chloroform phase washed twice with 1 ml portions of water, before drying the lipid under vacuum. Products were separated on plastic thin layer plates of silica gel 60 (Merck) by developing with chloroform/methanol/NH 4 OH (65 : 35 : 7.5, v/v/v), drying and then developing in chloroform/methanol/acetic acid/acetone/water (10 : 2 : 3 : 4 : 1 by vol).
32 P-labeled PA and ceramide-1-phosphate were identi®ed with authentic standards and a Bioscan Radioimager, or by autoradiography. Radioactivity was determined by scintillation counting and lipid mass was calculated from standard curves obtained from ceramide and DAG.
